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Abstract Sequence analysis of the adhesion molecule E-
cadherin had revealed a multibasic motif [4PArg-Gln-Lys-Arg1P],
reminiscent of the minimal cleavage signal for furin, the
prototype of the proprotein convertase family, and/or other
members sharing similar sequence specificity. Mutation of this
site was sufficient to abolish processing of E-cadherin in
fibroblasts reinforcing the possibility that proprotein convertases
are involved in the maturation of this adhesion molecule. Here we
demonstrate that even though furin can efficiently and specifi-
cally cleave proE-cadherin in a baculovirus-based co-expression
system, the furin-deficient LoVo cells were found to process
endogenous E-cadherin as efficiently as normal cell lines. This
suggests, for the first time, that E-cadherin is not only a substrate
for furin but for other mammalian convertases sharing similar
sequence specificity.
z 1998 Federation of European Biochemical Societies.
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1. Introduction
Intercellular and cell-substrate adhesion play an essential
role in embryonic development and cell di¡erentiation of plu-
ricellular organisms [1^5]. One major family of molecules that
mediate calcium-dependent cell-cell adhesion in all tissues of
the body are cadherins. They are subdivided into several dis-
tinct subgroups of which the most important are classical
cadherins type I (e.g. E-, P- and N-cadherins), classical cad-
herins type II (cadherin-4 to -15), and desmosomal cadherins,
with desmogleins and desmocollins [2,6]. E-cadherin, the ma-
jor representative of classical cadherins is present in the ad-
herens junctions of epithelial cells. Its pivotal role in govern-
ing the overall tissue architecture is illustrated in
tumorigenesis. Loss of E-cadherin expression or function
strongly correlates with invasiveness and metastasis in several
tumors of epithelial origin [7^9]. A recent study demonstrated
that loss of E-cadherin expression is one rate limiting step in
the progression from benign adenoma to invasive carcinoma
and that abrogation of cadherin-mediated cell adhesion is
su⁄cient to induce early tumor invasion and metastasis [10].
The important role of E-cadherin-mediated adhesion has also
been demonstrated in development where E-cadherin expres-
sion de¢nes the cell fate during the epithelial-mesenchymal
transition [11]. The crucial importance of this classical cadher-
in in development has been strengthened by knock-out experi-
ments: E-cadherin de¢cient mice die by day 5 post fertiliza-
tion [12,13].
Adhesion molecules are initially synthesized as inactive pro-
peptide precursors that are post-translationally processed to
become a biologically active mature peptide. It has been
shown that the correct proteolytic cleavage of the proregion
of E-cadherin is required for adhesiveness [14]. When E-cad-
herin carrying a mutation in its proprotein cleavage site is
expressed in mouse L-tk3 cells, it is integrated into the cell
membrane. It fails, however, to confer adhesion. Due to the
presence of a dibasic, furin-like recognition motif [Arg-Gln-
Lys-Arg] preceding the de¢ned proprotein cleavage site of E-
cadherin, we and others have speculated that furin, a subtili-
sin-like convertase, may be responsible for the maturation of
this adhesion molecule [15].
The subtilisin-like proprotein convertases are a family of
Ca2-dependent endoproteases [16^18]. According to their tis-
sue distribution, the seven mammalian convertases identi¢ed
to date are classi¢ed into distinct subgroups. The furin togeth-
er with the recently identi¢ed PC7/PC8 subgroup is ubiquit-
ously distributed. PACE4 and PC5/PC6 are expressed to vary-
ing degrees in many tissue types whereas the other convertases
are less widely distributed or restricted only to speci¢c tissues.
Furin, PACE4, PC5/PC6 and PC7/PC8 have an important
function in the proteolytic processing of precursors in the
constitutive secretory pathway, whereas two other convertases
PC1/PC3 and PC2 play an important role in the endocrine
pathway. Furin was recently shown to be predominantly lo-
calized and proteolytically active in the trans-Golgi network
[18]. A large number of proprotein molecules with various
speci¢cities has been shown to be proteolytically cleaved by
furin, C-terminal to a dibasic minimal consensus sequence
[4PArg-X-Lys/Arg-Arg1P]s [16,17]. Given the similarity of
cleavage site speci¢city between all proprotein convertases
([Arg/Lys-(X)n-Lys/Arg-Arg], n = 0, 2, 4 or 6) and their over-
lapping expression in di¡erent tissues, it is often di⁄cult to
assign cleavage of a given precursor to a particular conver-
tase. However, processing within the compartments of the
early secretory pathway is probably achieved by furin,
PACE4, PC5/PC6, a splice variant of PC5, or PC7/PC8 [19^
21].
It has previously been reported that proprotein cleavage of
E-cadherin is largely ine⁄cient, when it is exogenously ex-
pressed in recombinant baculovirus infected Sf158 insect cells
[22]. Incomplete cleavage at dibasic sites of baculovirus-ex-
pressed proproteins has been described for various proteins
and represents a major drawback of this expression system
[23,24]. To overcome this problem, we recently developed a
baculovirus-based co-expression system, which drives e⁄cient
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maturation of the furin substrate pro-TGFL, by co-expression
of mammalian furin [25]. The observation that proprotein
cleavage in this system was not only e⁄cient but also highly
speci¢c, led us to choose this approach to investigate (i)
whether proE-cadherin is a substrate for proprotein conver-
tases, e.g. furin, and (ii) if the ine⁄cient processing of E-cad-
herin reported previously [22] could be rescued by co-expres-
sion of mammalian furin. The reliability of proteolytic
cleavage of proE-cadherin by furin was then assessed under
physiological conditions in the furin-defective LoVo cell line
[26,27]. This cell line originates from a colon adenocarcinoma.
Due to their epithelial origin, these cells express endogenous
E-cadherin. They therefore represented an ideal system to
assess proE-cadherin proteolytic cleavage in vivo and in the
absence of functional furin.
2. Materials and methods
2.1. Recombinant baculoviruses
The baculovirus strain AcNPV/Um84-1, encoding a 80-kDa protein
consisting of the signal peptide, propeptide and extracellular part of
mouse E-cadherin [22], was a kind gift from Dr. Kemler (Max Planck
Institute, Freiburg, Germany). The baculovirus-construct encoding
full length human furin (Bac:hFurin) was described earlier [25].
Wild-type baculovirus was provided by Dr. Hertig (University of
Berne, Switzerland).
2.2. Cell cultures and virus infection
HighFive insect cells, derived from Trichoplusia ni egg cell homo-
genate (Invitrogen, San Diego, CA, USA) were cultured under stand-
ard conditions in serum free EX-CELL 405 medium (JRH Bioscience,
Lenexa, KS, USA). For protein expression, 106 cells were seeded into
tissue culture plates (8.8 cm2, NUNCLON v Surface, NUNC, Den-
mark) and infected with viruses at increasing MOI (multiplicity of
infection) as indicated in the ¢gure legends. Viruses were ampli¢ed
as described previously [22].
LoVo cells (obtained from ATCC) were grown in Ham’s F12 sup-
plemented with 10% FCS. Mouse L-tk3 ¢broblastic cell lines, stably
transfected with either wild-type mouse E-cadherin (L1-1, cleavage
site [4PArg-Gln-Lys-Arg1P]) or proprotein cleavage site mutated
mouse E-cadherin (LT-19, cleavage site mutated to trypsin recogni-
tion motif [Thr-Gln-Thr-Arg] and LF-7, cleavage site mutated to fac-
tor Xa recognition motif [Ile-Glu-Gly-Arg]) were kindly given to us by
Dr. Kemler (Max Planck Institute, Freiburg, Germany) and cultured
as described [14]. The transformed human keratinocyte cell line
HaCaT [28] was obtained from Dr. Limat (University of Berne,
Switzerland) and cultured in DMEM, 10% FCS.
2.3. Western blot analysis
Insect cells and media were harvested at di¡erent time points post
infection as indicated in the ¢gure legends. HighFive cells were lysed
in 150 mM Tris, 100 mM NaCl, 1% NP-40, protease inhibitor cocktail
(Boehringer, Mannheim, Germany); mammalian cells were lysed as
described [14]. After centrifugation, the protein concentration was
determined in the cell lysate using the bicichoninic acid (BCA) method
(Pierce, Rockford, IL, USA). Equal amounts of protein from cell
lysates and identical volumes of HighFive media were loaded per
lane, separated by SDS-PAGE (7.5% for insect cell proteins, 5% for
mammalian cell proteins) and blotted onto nitrocellulose membranes
(Schleicher p Schuell, Dassel, Germany). Western blot analyses of
baculovirus-encoded proteins was performed with either anti-E-cad-
herin DECMA antibody [29] (kindly given to us by Dr. Kemler, Max
Planck Institute, Freiburg, Germany), or a rabbit anti-furin serum
(Alexis, Laºufel¢ngen, Switzerland). Western blot analysis with lysates
from LoVo, L-tk3 and HaCaT cells were revealed by using simulta-
neously the DECMA antibody and a mouse anti-E-cadherin antibody
(Immunotech, Marseille, France) which more speci¢cally recognizes
human E-cadherin. All secondary antibodies were alkaline phospha-
tase-conjugated and their binding revealed with the Immun-Star kit
(tested for Bio-Rad, Hercules, CA, USA). Chemiluminescence signals
were quanti¢ed with the Molecular Imager System GS-363 from
Bio-Rad (Hercules, CA, USA) and analyzed with the Molecular
Analyst Software for Macintosh.
2.4. Amino acid sequence analysis
HighFive cells were co-infected with Bac:hFur (MOI 5) and E-
cadherin-encoding baculovirus (MOI 5). After 72 h the medium was
harvested and complete cleavage of E-cadherin monitored by Western
blot analysis (results not shown). Media were then concentrated with
Centricon 50 (Amicon, Beverly, MA, USA) and subjected to immu-
noprecipitation using the DECMA antibody and protein G-Sepharose
slurry (Pharmacia, Duºbendorf, Switzerland). Immunoprecipitates
were eluted by boiling in reducing SDS-PAGE sample bu¡er, sub-
jected to 7.5% SDS-PAGE, blotted onto PVDF membrane (Boeh-
ringer, Mannheim, Germany), and stained with Coomassie brilliant
blue R-250 (Bio-Rad, Hercules, CA, USA). The appropriate band was
cut out and N-terminal amino acid sequencing was carried out using
Edman degradation in a pulsed liquid-phase sequenator 477A from
Applied Biosystems.
2.5. Sequence comparison
The database GenEMBL was used as source for classical cadherin
sequences. Primary structure analysis was done with the Wisconsin
Sequence Analysis Package from GCG (Madison, WI, USA).
3. Results and discussion
3.1. Expression and processing of E-cadherin in
baculovirus-infected insect cells
It has previously been reported that Sf158 insect cells failed
to e⁄ciently process baculovirus-encoded E-cadherin [22]. To
rule out that the reported incomplete processing, observed in
this particular cell line, was not cell type, time or virus load
dependent, we assessed the baculovirus-encoded E-cadherin
expression pattern in a di¡erent insect cell line (HighFive)
and for various time points, as well as with di¡erent virus
amounts. The time course was established by infecting High-
Five cells with recombinant, E-cadherin-expressing baculovi-
rus at a MOI of 5. Media and cells were collected separately
between 24 and 120 h post infection and analyzed by Western
blots (Fig. 1). Even though the incubation time was continued
beyond maximal E-cadherin expression (96 h), processing of
this molecule secreted in the media was very ine⁄cient and
was not detectable in whole cell lysates. The ratio of the un-
processed to the mature form of E-cadherin remained con-
stant. Increasing amounts of virus particles for infection
(MOI 1^10) did not a¡ect the ratio of unprocessed to proc-
essed E-cadherin either (Fig. 2). Even at very low E-cadherin
expression levels the unprocessed form was still predominant
(Figs. 1 and 2). We therefore concluded that the e⁄cacy of
proE-cadherin cleavage in the HighFive-based baculovirus ex-
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Fig. 1. Time course of baculovirus-encoded E-cadherin expression in
HighFive cells. HighFive cells were infected with proE-cadherin-ex-
pressing baculovirus at a MOI of 5. Media (A) and cell lysates (B)
were harvested at indicated time points. 20 Wl medium (A) and 50
Wg total protein (B) were analyzed by Western blot using the DEC-
MA antibody. The 100-kDa band corresponds to unprocessed re-
combinant proE-cadherin and the 80-kDa band to its processed
form [22].
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pression system was independent of the expression level of the
heterologous protein. This observation parallels that made for
the expression of E-cadherin in Sf158 cells [22], indicating that
insect-encoded proteases are insu⁄cient to drive maturation
of mammalian E-cadherin.
3.2. E¡ect of co-expressed furin on E-cadherin processing
The minimal cleavage signal for proE-cadherin maturation
has been de¢ned previously by site directed mutagenesis and
consists of a dibasic sequence pair [Arg-Gln-Lys-Arg] [14].
Since the tetrapeptididyl sequence motif [Arg-X-Lys-Arg]
has been characterized as being very e⁄ciently cleaved by
furin in vitro [30], we and others have speculated that furin
could be involved in proE-cadherin processing [15]. To inves-
tigate this hypothesis we took advantage of the knowledge
gained with our recently developed baculovirus-based co-ex-
pression system [25]. This approach had allowed e⁄cient and
speci¢c cleavage of pro-TGFL via co-expressed mammalian
furin. To investigate whether E-cadherin was a substrate for
furin, HighFive cells were infected with E-cadherin-expressing
baculovirus (Bac:E-cad) under conditions that should provide
maximal protein production (MOI 5; cf. Fig. 2) in parallel
with increasing amounts of baculovirus-encoding furin
(Bac:hfur) (Fig. 3). To ensure equal load of infectious virus
particles per cell, wild-type baculovirus was added to the
amount of Bac:hfur to achieve a constant MOI of 5. Non-
infected cells and cells infected with Bac:hFur or wild-type
baculovirus only were used as negative controls. With increas-
ing MOI of Bac:hfur, the amounts of furin expressed by
HighFive cells increased (Fig. 3C). This resulted in a dose-
dependent decrease of proE-cadherin and an increase of the
mature form in both media and cell lysates (Fig. 3A,B). The
secreted E-cadherin was processed virtually to completion,
resulting in a 6-fold increase of mature E-cadherin production
as compared to the amount of mature protein produced upon
infection with recombinant E-cadherin-expressing baculovirus
alone. Within the cell, processing occurred partially, reaching
a steady-state at MOI 0.5 of Bac:hfur. Since furin was shown
to become activated and functional in the trans-Golgi network
[18], the unprocessed E-cadherin probably represents the pro-
tein portion present in the endoplasmic reticulum, the site of
protein synthesis, as well as in the cis-Golgi. The processed E-
cadherin is the protein portion present in the trans-Golgi net-
work as well as in secretory vesicles upon proprotein cleavage.
3.3. Determination of the cleavage site of processed E-cadherin
To ensure the speci¢city of furin-mediated E-cadherin
cleavage in the HighFive co-expression system, we determined
the primary structure at the N-terminus of mature E-cadherin
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Table 1
Proprotein cleavage site homology between classical cadherins
The primary structure surrounding the proprotein cleavage site (s) of
E-cadherin was compared to all classical cadherins registered in the
GenEMBL database. Conserved amino acids within the dibasic rec-
ognition motif for proprotein convertases (box, underlined) are indi-
cated in bold. X indicates an interspecies sequence divergence for one
particular cadherin. Abbreviations: bov = bovine; ch = chicken;
hu = human; m = mouse; xe = Xenopus laevis.
Fig. 2. Dose dependence of recombinant proE-cadherin expression
in HighFive cells. HighFive cells were infected with increasing MOI
of E-cadherin-expressing baculovirus as indicated at the top of the
¢gure. Media (A) and cell lysates (B) were harvested at 72 h post
infection and analyzed as described in Fig. 1. The ratio of unproc-
essed (100 kDa) to processed (80 kDa) recombinant proE-cadherin
remained constant.
Fig. 3. Enhanced processing of proE-cadherin in HighFive cells by
co-expressed mammalian furin. HighFive cells were co-infected with
baculovirus-encoding proE-cadherin (Bac:E-cad) at a MOI of 5 and
increasing MOI of baculovirus expressing mammalian furin (Bac:
hFur). Wild-type virus (Bac:WT) was added to achieve equal
amounts of virus per cell. Non-infected cells (lane 1) and cells in-
fected with Bac:hfur and Bac:WT only (lane 10) served as controls.
Media (A) and cell lysates (B,C) were harvested 72 h post infection.
Expression of recombinant E-cadherin (A,B) was assessed as de-
scribed in Fig. 1. Furin expression (C) was demonstrated by West-
ern blot analysis using a polyclonal antiserum directed against furin.
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produced in insect cells. HighFive cells were co-infected with
recombinant E-cadherin-expressing baculovirus and Bac:hfur
under conditions that provide complete processing of secreted
proE-cadherin (cf. Fig. 3, Section 2). Puri¢ed protein was then
subjected to protein sequencing by N-terminal proteolytic
cleavage. The ¢rst N-terminal amino acids were found to be
[1P
0
Asp-Trp-Val-Ile4P
0
] corresponding to the previously identi-
¢ed N-terminal sequence of mature mouse E-cadherin (cf.
Table 1). This sequence motif is unique within the entire pri-
mary structure of E-cadherin and is localized C-terminal to
the furin recognition site [Arg-Gln-Lys-Arg]. Given the se-
quence identity, the cleavage had occurred in a furin-speci¢c
manner in the baculovirus-based co-expression system and at
the cleavage site deserved in vivo. These results clearly dem-
onstrate that the furin convertase is an E-cadherin-competent
processing enzyme.
3.4. Cleavage of proE-cadherin in vivo
Co-expression of proproteins along with furin, either in
transient mammalian transfection systems or by infection
with recombinant vaccinia or baculovirus, has proven to be
a useful tool to identify putative furin substrates [15,18,25].
However, since other proprotein convertases share a sequence
speci¢city and distribution pattern overlapping that of furin
[16^19,32], the maturation of proproteins in a physiological
context may not be exclusively driven by furin itself. To test
whether the furin-mediated proE-cadherin maturation re-
ported here was in a physiological context dependent on furin,
we assessed the processing of this adhesion molecule in a
furin-de¢cient cell line. We chose the human colon carcinoma
cell line LoVo which expresses no functional furin due to
mutations in both FUR alleles [26,27]. Further, we were in-
terested in E-cadherin maturation in this particular cell line
because unprocessed E-cadherin has been shown to be unable
to confer adhesion [14], and loss of adhesion due to impaired
E-cadherin expression has been reported to drive progression
to carcinoma development [10]. Interestingly, even though the
amino acid sequence at the cleavage site of E-cadherin corre-
sponds to the almost highest requirements for cleavage by
furin [19,30], the endogenously-expressed E-cadherin was cor-
rectly processed in the furin-de¢cient LoVo cell line (Fig. 4).
In Western blots, the 120-kDa band corresponding to the
mature form of wild-type E-cadherin comigrated with the
mature E-cadherin present in the human keratinocyte cell
line HaCaT as well as with the mature E-cadherin expressed
in transfected mouse ¢broblastic cell line L-tk3. No immuno-
reactive bands were detected at the position of the cleavage
incompetent E-cadherin mutant expressed in L-tk3 cells [14],
further suggesting that the LoVo cells only express the proc-
essed 120-kDa E-cadherin form. Taken together, these results
indicate that E-cadherin processing can be accomplished by
convertases other than furin in this particular adenocarcinoma
cell line. In addition, pairs of dibasic amino acids were shown
to de¢ne processing sites cleaved by proprotein convertases
[17,18]. Since mutation of P2/P4 within this site was su⁄cient
to abolish maturation of proE-cadherin in L-tk3 ¢broblasts
[14] and conversion of this recognition site to a trypsin or
factor Xa cleavage site did not rescue this processing inability
(Fig. 4), we further conclude that a processing enzyme belong-
ing to the subtilisin-like proprotein convertase family substi-
tutes for the defective furin in the LoVo cell line.
In addition to defective furin, LoVo cells express mRNA
encoding other subtilisin like convertases: high levels of
PACE4, moderate levels of PC5/PC6 [18] and some PC7/
PC8 [31]. Since these proteins have a similar sequence specif-
icity and tissue distribution as furin [17^19,32], they may be
able to substitute for the lack of furin in this cell line. Our
¢ndings parallel a similar situation as reported for some other
proteins. Gp160, the envelope protein of the human immuno-
de¢ciency virus, was found to be e⁄ciently cleaved by furin in
a vaccinia-mediated co-expression system [33]. Conversely, the
Chinese hamster ovary cell line-derived strain RPE.40 which
does not express furin, processed gp160 as e⁄ciently as a wild-
type strain. Therefore, an alternative convertase (other than
furin) was postulated to be responsible for the maturation of
gp160 in this hamster cell line [34]. Redundancy in the ability
of convertases to cleave the bovine leukemia virus envelope
precursor protein gp72 [35] suggested that the expression pat-
tern of convertases within a speci¢c cell type may de¢ne which
convertase subtype is used for proprotein cleavage of a pre-
cursor protein of interest. In fact, this viral protein was proc-
essed by furin in vitro but, conversely, it was also processed in
the furin-de¢cient LoVo cell line. Since the gp72 was proc-
essed in some B-lymphocytic cell lines, the main cellular target
of these viruses which only express mRNAs for furin and the
newly discovered PC7/PC8, it might be speculated that PC7/
PC8 convertase substitutes for furin in the case of gp72 pro-
teolytic cleavage in LoVo cells. PC7/PC8 convertase has a
largely similar sequence speci¢city as furin. In addition to
their wide tissue distribution, the intracellular localization of
furin and PC7/PC8 also appear to be overlapping [19]. Based
on studies for the proteins discussed above, it is conceivable
that either PC7/PC8 convertase, PC5/PC6, or the strongly ex-
pressed PACE4 may drive proteolytic cleavage of E-cadherin
in LoVo cells. Experiments are underway to assess the role of
each proprotein convertase using antisense cDNAs.
In summary, our study demonstrates for the ¢rst time that
the adhesion molecule E-cadherin is e⁄ciently and speci¢cally
cleaved by the mammalian convertase furin in an over-expres-
sion system. In addition, we provide evidence that subtilisin-
like convertases other than furin are able to correctly matu-
rate E-cadherin in vivo. Given the important role of E-cad-
herin in development as well as in the maintenance of the
overall tissue architecture in adults, it seems of primary im-
portance that evolution has developed a redundancy between
convertases to ascertain the survival of the organism. The
importance of proteolytic cleavage control of cadherins is
strengthened by the observation that all vertebrate-derived
classical cadherins identi¢ed to date, except cadherin-15,
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Fig. 4. Maturation of E-cadherin in furin-de¢cient LoVo cells. E-
cadherin maturation in LoVo cells was assessed by Western blot
analysis. Human keratinocyte (HaCaT) and L-tk3 cells stably trans-
fected with wild-type E-cadherin (L1-1) were analyzed in parallel.
These served as control for mature E-cadherin (120 kDa) expres-
sion. Total cell lysates from L-tk3 ¢broblasts stably transfected
with cleavage incompetent, processing-resistant E-cadherin mutants
(LT-19, LF-7) [14] were used to demonstrate the 135-kDa unproc-
essed E-cadherin. Total protein amount per lane was 50 Wg.
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have conserved the same convertase recognition sequence
[4PArg-X-Lys-Arg1P] in evolution (Table 1).
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